The Martian crustal dichotomy is the stark ∼5 km difference in surface elevation and ∼26 km difference in crustal thickness between the northern lowlands and southern highlands that originated within 100s of Myr of Mars' formation. The origin of the dichotomy has broad implications for the geodynamic history of Mars, but purely exogenic or endogenic theories so far cannot explain all of the large scale geophysical observations associated with dichotomy formation. A giant impact can produce the shape and slope of the dichotomy boundary, but struggles to explain Mars' remanent crustal magnetic signatures and the ultimate formation of Tharsis. Degree-1 mantle convection can relate the crustal dichotomy to the formation of Tharsis, but does not explain the elliptical dichotomy shape and must be initiated by a large pre-existing viscosity jump in the mantle. We propose a hybrid model of dichotomy formation in which a giant impact induces degree-1 convection with an upwelling antipodal to the impact site. In this scenario, a giant impact in the northern hemisphere excavates crust, creating an initial difference in crustal thickness and possibly composition between the two hemispheres. Over 10s to 100s of Myr, the dominant upwelling(s) would migrate to be under the thicker, insulating crust in the southern hemisphere, generating melt that further thickens the southern crust. We examine this process using 3-D mantle convection simulations, and find that a hemispherical difference in crustal thickness and composition caused by a giant impact can induce degree-1 convection with the upwelling(s) antipodal to the impact site in <100 Myr.
Introduction

Constraints on dichotomy formation
One of the oldest observable features on Mars is the crustal dichotomy, an approximately hemispheric difference of ∼5 km in surface elevation and ∼26 km in crustal thickness between the northern lowlands (Borealis basin) and southern highlands (e.g., Neumann et al., 2004) . The formation of the dichotomy is generally attributed to either an exogenic event such as a giant impact (e.g., Marinova et al., 2008) , or an endogenic process such as mantle convection (e.g., Roberts and Zhong, 2006) . There are several important constraints or potential constraints on the formation mechanism, including the timing of dichotomy formation, boundary shape, magnitude of variation in crustal thickness, distribution/strength of remanent crustal magnetism (residual magneti-ation from an early magma ocean, or a transition from diffusion to dislocation creep (e.g., Roberts and Zhong, 2006) . Compositional layering due to magma ocean solidification has been proposed as a mechanism to generate asymmetrical overturn on timescales <10 Myr (e.g., Elkins-Tanton et al., 2005) , however, more recent work has shown that degree-1 structures are unlikely to result from mantle overturn on Mars (Scheinberg et al., 2014) .
The elliptical shape of the dichotomy boundary has been used as evidence for a giant impact because Borealis-scale impacts produce elliptical basins due to the effects of planet curvature (Andrews-Hanna et al., 2008) and the scale of the impact (Collins et al., 2011 ). An elliptical basin could also be the result of an impact megadome, which occurs when an impact is large enough to cause widespread crust production and magmatism in the impacted hemisphere, a scenario that could potentially result in a Borealis-like depression in the hemisphere opposite the megadome (e.g., Golabek et al., 2018 ). An elliptical boundary shape would not be an expected result of degree-1 convection, but migration of a single upwelling and the resulting crust production could result in asymmetries in the dichotomy boundary (Šrámek and Zhong, 2012 ). An elliptical dichotomy shape could result from one-ridge convection, where the upwelling planform is a single ridge spread over half of Mars (Keller and Tackley, 2009) . Furthermore, although the dichotomy boundary appears elliptical, the pre-Tharsis boundary computed by removing Tharsis depends on the elastic plate thickness (Andrews-Hanna et al., 2008 ) and contributions of lateral or temporal elastic thickness variations are unexplored (Šrámek and Zhong, 2010) .
The extent of crustal thickness variation between the northern and southern hemispheres of Mars, as inferred from gravity and topography data (e.g., Neumann et al., 2004) , is possible with both exogenic and endogenic dichotomy formation mechanisms. Coupling of melt/crust production with mantle convection models can produce crust in one hemisphere of similar thickness to the present-day highlands (Šrámek and Zhong, 2012; Keller and Tackley, 2009) , however, such crust production depends on the vigor of convection and not all plumes produce melt (Sekhar and King, 2014) . The required crustal thickness variation can also be produced by magmatism resulting from an impact megadome (Golabek et al., 2011) . For a Borealis-scale impact, numerical impact simulations show that the resulting crustal thickness variation is generally consistent with present observations (Marinova et al., 2008; Nimmo et al., 2008 ). An additional effect of excavating crust in the northern hemisphere via a giant impact is the formation of a circum-Mars debris disk that could explain the formation of the Martian moons Phobos and Deimos (e.g., Rosenblatt et al., 2016) . The sharp dichotomy boundary expected from an impact could also induce edge driven convection, possibly explaining the buried mass anomalies on the eastern dichotomy boundary (Kiefer, 2005) .
Another constraint on dichotomy formation is the remanent crustal magnetic signatures that are observed over the entire planet, indicating another global process active early in Martian history (Acuna et al., 1999) . The remanent magnetic signatures are significantly stronger in the southern hemisphere, and also contain a unique pattern of lineations of alternating polarity (Connerney et al., 2005) . The emplacement of the magnetic signatures most likely occurred prior to the cessation of the Martian dynamo ∼4.1 Ga (Lillis et al., 2013) , although it is uncertain if the magnetic signatures were emplaced before, during, or after dichotomy formation. The magnetic signatures must post-date a giant impact because a Borealis-scale impact could have completely erased magnetic signatures in the northern lowlands, and the thick ejecta blanket could have demagnetized the entire southern crust as well (Citron and Zhong, 2012) . Even if an impact occurred in the presence of a strong magnetic field, the pattern of magnetic lineations of alternating polarity is difficult to reconcile with Borealis-scale impact/ejecta generated melt or magmatism associated with an impact megadome (e.g., Golabek et al., 2018) , which would have cooled on a short timescale in the vertical direction. The alternating polarity of the lineations could be explained by crust production radiating from a single large plume in a reversing magnetic field, which might explain why the geometry of the lineations roughly corresponds to concentric circles centered around a single pole that is <300 km from the centroid of the thickened southern crust (Citron and Zhong, 2012) . However, the melting history is likely more complex than the simple model of Citron and Zhong (2012) , and could involve multiple migrating plumes and more complex melt extraction and crust evolution. Furthermore, the pattern of lineations observed from orbit does not necessarily represent the distribution of magnetized material at depth. Still, emplacement of the magnetic signatures during thickening of the southern crust could at least explain the higher strength and concentration of remanent magnetic signatures in the southern hemisphere, particularly if degree-1 convection promotes the development of a hemispherical dynamo (Stanley et al., 2008) .
The formation of Tharsis on the dichotomy boundary also favors the endogenic theory of dichotomy formation. If degree-1 convection sufficiently thickens the southern crust, it would create a layer of highly viscous melt residue under the thickened crust. This lateral variation in viscosity could cause differential rotation of the lithosphere or migration of the degree-1 upwelling, until the plume reaches the dichotomy boundary and creates Tharsis (Zhong, 2009; Zhong, 2010, 2012) . Plume migration from the south pole to Tharsis' location is supported by observations of volcanic resurfacing, demagnetization, and increased crustal thickness along that path Cheung and King, 2014) , and is consistent with the creation of Tharsis within a few hundred Myrs of dichotomy formation (e.g., Nimmo and Tanaka, 2005 , and references therein).
A hybrid origin
Neither a purely exogenic nor endogenic model can easily or obviously explain all geophysical observations related to dichotomy formation. Because of this, we examine a hybrid model in which a giant impact forms the Borealis basin, producing an initial nearly hemispherical difference in crustal thickness and composition that induces degree-1 convection with the upwelling centered under the thicker, enriched (in radiogenic-heat producing elements) crust opposite the impact site (Fig. 1) . Although initially an upwelling should develop under the impact site, such an upwelling should dissipate relatively quickly (e.g., Roberts and Arkani-Hamed, 2017) , allowing for the composition and structure of the crust/lithosphere to control the convection pattern over longer timescales (100s of Myr). We expect the northern and southern post-impact crusts to differ in composition, specifically the concentration of radiogenicheat producing elements, because of the depletion of such elements from the mantle over time. During Mars' initial crust formation, radiogenic-heat producing elements would be partitioned into the crust, creating an ancient crust enriched in such elements and depleting the mantle of the same elements. The giant impact would strip the northern hemisphere of its original, enriched crust, and the new crust in the northern hemisphere would be derived from an already depleted mantle, resulting in a new northern crust that is depleted in radiogenic-heat producing elements relative to the southern crust. The compositional difference between the newer depleted crust in the northern hemisphere and the ancient crust in the southern hemisphere could persist for billions of years (Ruedas and Breuer, 2017) . On early Mars, the thicker, enriched crust in the hemisphere opposite the impact should have an insulating effect that increases the mantle temperature and promotes hot spot and plume formation under the thicker, enriched While a new northern crust would form relatively rapidly, it would form from an already depleted mantle (depleted from forming the original crust) and thus be depleted in radiogenic-heat producing elements relative to the older, more enriched southern crust (Ruedas and Breuer, 2017) . (b) The insulating effect of the thicker, enriched southern crust results in degree-1 convection with a large upwelling in the southern hemisphere. (c) Melt generation from the upwelling(s) further thickens the crust in the hemisphere opposite the impact, and resulting melt residue could explain subsequent migration of the plume/lithosphere and the formation of Tharsis at the dichotomy boundary (Zhong, 2009). southern crust, similar to the effect of supercontinents on Earth (e.g., Gurnis, 1988) . In this scenario, the initial crustal thickness variation caused by the Borealis impact is not as extensive as currently observed, but is amplified by the additional melt produced by the superplume that naturally develops in the southern hemisphere due to the insulating southern crust. New crust production in the southern hemisphere could explain the formation of the remanent crustal magnetic signatures (provided that the crust is produced before the end of the dynamo), and could also result in a layer of highly viscous melt residue. The melt residue under the southern crust could induce plume migration and/or differential lithosphere rotation resulting in the formation of Tharsis on the dichotomy boundary (Zhong, 2009; Šrámek and Zhong, 2010) .
Degree-1 convection has previously been shown to migrate so that the upwelling becomes centered under an insulating cap (Šrámek and Zhong, 2010) , however, these simulations relied on a large viscosity jump (e.g., Roberts and Zhong, 2006) to initiate degree-1 convection without the presence of an insulating cap. Because a possible mechanism for a large mid-mantle viscosity jump, a transition from ringwoodite to a basal perovskite/ferropericlase layer, likely occurs in the deepest mantle or not at all on Mars (e.g., Ruedas et al., 2013) , crustal thickness and composition may be more important factors in Martian mantle dynamics. Crustal structure has been shown to have an important effect on mantle convection on present-day Mars (Plesa et al., 2016) , and experiments suggest that upwellings could have focused under an insulating lid on early Mars (Wenzel et al., 2004) . In this study, we examine if degree-1 convection forms on Mars as a natural response to an impact-generated insulating cap with no viscosity jump in the mid-mantle, and with the upwelling centered in the hemisphere opposite the impact site. We conduct numerical simulations of mantle convection for a range of initial crustal thickness variations and insulating effects.
Methods
Mantle convection simulations are conducted using CitcomS (Zhong et al., 2000; Tan et al., 2006) , a finite element mantle convection code widely used in studies of Earth and other planetary bodies. The Martian mantle is represented by a spherical shell heated from below and within using the Boussinesq approximation, given by the following non-dimensional governing equations:
where u, P , T , and η are the velocity vector, pressure, temperature, and viscosity, respectively, and κ(r) is a non-dimensional prefactor for the thermal diffusivity to account for a reduced thermal conductivity in the crust. The latent heating rate from magma melting is H L . The Rayleigh number Ra is defined as
where R p is the planetary radius, g is gravitational acceleration,
T is the super-adiabatic temperature difference, and ρ m , α 0 , κ 0 , and η 0 are the reference values for mantle density, thermal expansivity, thermal diffusivity, and viscosity, respectively. The reference viscosity corresponds to the value at the base of the mantle. The internal heating number H int is defined as
where C p is the specific heat at constant pressure and Q is a variable volumetric heating rate based on Wanke and Dreibus (1994) that decays with time (starting at 50 Myr after solar system formation). We allow for cooling of the core based on the heat flux from the bottom boundary (e.g., Plesa et al., 2016 , and references therein):
where we assume an adiabatic core with constant specific heat capacity C c = 800 J K −1 kg −1 and density ρ c = 7200 kg m −3 , q c is the heat flux from the core, and V c and A c are the volume and surface area of the core, respectively.
For simplicity, we use the Boussinesq approximation, neglecting adiabatic heating/cooling and instead adding an adiabatic gradient to the simulation temperature before computing melting (Li et al., 2016) . The effect of using the Boussinesq approximation instead of the extended Boussinesq approximation should be small due to the low dissipation number for Mars (Plesa and Breuer, 2014) . Although our simplification could affect the amount of melting, it should not affect the convective pattern and significantly alter our main conclusions.
The Martian mantle may deform via either diffusion or dislocation creep. We use a non-dimensional pressure-and temperaturedependent viscosity similar to Roberts and Zhong (2006) but with no viscosity layering prefactor: where r is the non-dimensional radius, and the non-dimensional parameters E , V , and T s , and non-dimensional temperature T , are given by
where E a , V a , R, and T sur f are the activation energy, activation volume, gas constant, and surface temperature, respectively, and
The simulation is composed of 12 spherical caps, each with a resolution of 64 × 64 × 64 elements, with an increasing radial resolution near the boundary layers. We use isothermal, free-slip boundary conditions on the top and bottom boundaries. We use the parameters listed in Table 1 and an initial non-dimensional mantle temperature T m = 0.75, with top/bottom thermal boundary layers determined by a conductive half-space cooling/heating model (error function) with a time of 50 Myr. We start the simulation with random perturbations of 0.01 to the non-dimensional temperature in the mid-mantle. We use an activation energy of 157 kJ/mol for dislocation creep, but also run a simulation with an activation energy of 300 kJ/mol for diffusion creep, which may be more appropriate for Mars (e.g., Grott and Breuer, 2009 ). For the higher activation energy run, we increase the Rayleigh number in order to obtain a similar viscosity profile (Fig. S1 ). We also run two simulations with a lower activation volume and higher Rayleigh number (Table 2) .
We use a Rayleigh number of 10 8 which, given the parameters listed in Table 1 , initial temperature profile, and temperature-and pressure-dependent viscosity, results in an average initial mantle viscosity of ∼1.58 ×10
21 Pa s (Fig. S1 ). Experiments have suggested viscosity variations of ∼100-1000 across the sublithospheric mantle on Earth (Karato and Wu, 1993; Karato and Jung, 2003) . The Martian mantle, presumably also primarily olivine, contains ∼17 wt% FeO (Dreibus and Wanke, 1985) compared to ∼8 wt% in the Earth's upper mantle (McDonough and Sun, 1995) , which could reduce the viscosity of Mars' mantle by a factor of 10 relative to Earth's mantle (Zhao et al., 2009) . Increased iron content could also result in a higher activation volume for the Martian mantle, leading to increased viscosity variations with depth (Raterron et al., 2017) . To simulate the effect of an initial crustal thickness variation caused by a Borealis-scale giant impact, we add a crustal cap of thickness d cr = 25 or 50 km to the southern hemisphere. In CitcomS, this is accomplished by adding an insulating effect to elements in the upper 25 or 50 km of the computational mesh in the southern hemisphere. The insulating effect of the cap is parameterized using a reduction of thermal diffusivity κ 0 by a factor κ ins and/or an enrichment in heat production Q by a factor Q E R (crustal thermal diffusivity κ cr = κ ins · κ 0 and crustal heat production Q cr = Q E R · Q ). We use a factor of 0.75 for κ ins , representing the difference between the thermal conductivity of 2-3 W m −1 K −1 for crustal rocks (Clauser and Huenges, 1995) and 4 W m −1 K −1 for mantle rock (Hofmeister, 1999) , and the density difference between the crust and mantle. In some simulations we do not modify the diffusivity in the crust, to examine if a hemispherical difference in heat producing elements alone can drive degree-1 convection. Radiogenic-heat producing elements are preferentially partitioned into the crust, and we use a crustal enrichment factor Q E R = 4 relative to the mantle, similar to the enrichment found at mid-ocean ridge basalts (Basaltic Volcanism Study Project, 1981) . The northern hemisphere crust is excluded from most of our calculations because of its low volume and low concentration of heating elements relative to the southern crust. However, to examine the effect of including a thinner, less enriched northern crust, we complete a simulation (Run 4) in which we include a northern crust with thickness d cr,N = 25 km and crustal enrichment factor Q E R,N = 4, a southern crust of thickness d cr = 50 km and crustal enrichment factor Q E R = 10 (Taylor et al., 2006) ; both Q E R and Q E R,N are relative to the mantle, which in Runs 4 and 5 is depleted in radiogenic-heat producing elements by a factor Q D E = 0.5. We compare Run 4 to a case where both the northern and southern hemisphere have different thicknesses, but the same amount of radiogenic-heat producing elements (Run 5).
Melt production is computed during the simulation using the tracer method described in Li et al. (2016) . The melt fraction (by mass) F is computed using the dry parameterization given by Katz et al. (2003) . We extract melt when it exceeds a threshold value F > 0.04. On Earth, the melt extraction threshold is between 1 and 4% (Li et al., 2016 ) (and references therein), and we expect a higher extraction threshold on Mars due to the lower gravity. Because the simulation is Boussinesq, we first add an adiabatic temperature gradient of 0.18 K km −1 before computing the melt fraction.
We extract melt only at depths <540 km, where melt is buoyant on Mars (e.g., Plesa et al., 2016 , and references therein). The latent heat of melting is used as a temperature sink in Equation (3). We sum the melt production for elements in the uninsulated northern and insulated southern hemispheres to compute the cumulative melt production in each hemisphere over time. It is important to note that we do not consider the effects of crust production on the calculation itself (except for latent heating); crust produced in either hemisphere does not alter the crustal thickness/enrichment assumed at the start of the simulation.
Although impact heating from a giant impact is expected to dissipate relatively quickly (e.g., Roberts and Arkani-Hamed, 2017) we test this by including localized impact heating in two of our simulations. We insert an initial temperature pulse from a giant impact using the method described in Golabek et al. (2011) (and references therein). We examine initial temperature perturbations from impactors of radius R imp = 600 and 1200 km. The resulting temperature perturbation roughly corresponds to a temperature increase of ∼400 K within ∼ 1.4R imp of the impact site, radially decreasing in magnitude at further distances to <100 K at ∼2R imp from the impact site.
Results
The results for 11 simulations, including a control run, are reported in Table 2 . We determine the time until degree-1 convection is reached, t D1 , based on when the dominant spherical harmonic of the temperature in the lower, middle, and upper mantle are all degree-1. We also report the time that single plume convection, t S P , is achieved, based on when a clear single plume is visible extending through the entire mantle, centered under the insulating crust in the southern hemisphere. Run 0 is a control case with no insulating cap that never achieved degree-1 convection for the simulation duration (600 Myr). A single large upwelling under the insulating southern crust dominates the convection pattern in 10s to 100s of Myr. Run 7 has a residual lower mantle plume in the northern hemisphere, caused by the initial impact heating perturbation, but has still become dominated by degree-1 convection in <100 Myr. Run 9 uses a higher Rayleigh number and achieves single plume convection in ∼16 Myr. In Run 4, both the northern and southern crusts are enriched by a factor of 4 and 10, respectively, relative to the mantle, and the upwelling concentrates under the more enriched and thicker southern crust. In Run 5, the northern and southern crusts are enriched by the same amount relative to the mantle, and no degree-1 convection pattern develops.
We find that an insulating cap can induce degree-1 convection on relatively short timescales <100 Myr (Table 2) . In most simulations, large single plumes are observed under the insulating southern crust in <100 Myr (Fig. 2) . This occurs even when the thickness of the southern cap is reduced to 25 km (Run 3), and when there is only a change in enrichment factor, with no change in thermal diffusivity in the crust (Run 2). Simulations with initial impact heating included (Runs 6 and 7) still achieve degree-1 convection in under 100 Myr, showing that variations in crustal thickness and composition result in a single upwelling under the insulating crust, even if earlier upwellings are concentrated under the impact site (Fig. 3) . A lower activation volume (Run 8) slightly increases t S P , while a higher Rayleigh number (Run 9) decreases t S P to only 16 Myr. Use of a higher activation energy (Run 10) results in a longer timescale for single-plume convection (∼160 Myr), although multiple plumes are still concentrated in the southern hemisphere in <75 Myr.
We also include a crust in both the southern and northern hemispheres, and show that increased enrichment in the thicker southern crust relative to the thinner northern crust results in development of a superplume under the southern crust (Run 4), while equal enrichment in the northern and southern crusts results in no degree-1 convection and multiple plumes in both hemispheres (Run 5). The relative concentration of radiogenic-heat producing elements between the northern and southern crusts is the primary driver of degree-1 convection.
The focusing of upwelling(s) under the insulating cap increases melt production in the southern hemisphere (Fig. 4) . In most sim- ulations, a melt volume equivalent to 10-20 km of additional crust is produced in the insulated southern hemisphere. The amount of crust produced in the uninsulated northern hemisphere is negligible, except in simulations that begin with an impact heating perturbation (Runs 6 and 7). The crust production following impact heating is not expected to affect the overall result, because of its low volume/enrichment relative to the southern crust. For example, in Run 4 the simulation begins with 25 km of crust in the northern hemisphere (twice the thickness of northern crust produced in Runs 6 and 7), which is depleted relative to the more enriched southern crust, and a superplume still develops under the southern crust. In Runs 6 and 7, the cumulative crust production antipodal to the impact site eventually becomes greater than the northern, post-impact crust production, even for R imp = 1200 km, indicating that melt production in the southern hemisphere is enhanced by the increased vigor of the degree-1 upwelling (e.g., Fig. 3 ) and the increased subcrustal temperatures caused by the higher concentration of heating elements and decreased thermal diffusivity in the insulating cap.
Discussion
The results of our simulations, particularly τ S P and the crust production rate, could vary depending on mantle rheology, composition, and melting model. The use of a highly temperaturedependent viscosity promotes long-wavelength convection, because low viscosity layers below cold boundary layers (and above hot ones) reduce horizontal shear dissipation, allowing for longer wavelength cells (Lenardic et al., 2006) . Similarly, the additional inclusion of a viscosity jump in the mantle (e.g., Roberts and Zhong, 2006) would likely decrease τ D1 and τ S P . Inclusion of a nonnewtonian rheology is not expected to have a significant effect on the vigor of convection on Mars (Hauck and Phillips, 2002) , although it could raise mantle temperatures, allowing for enhanced Run number is given next to the corresponding line. Thickness is computed by dividing the volume of melt production in each hemisphere by the surface area of each hemisphere. Crust production generally begins within the first 100 Myr, and continues for several hundred Myr before tapering off.
partial melting even with a dry rheology (Grott and Breuer, 2009) . Phase transitions in the mid-mantle have been shown to have a weak effect on Martian mantle dynamics, and a perovskite + ferropericlase layer at the base of the mantle is unlikely (Ruedas et al., 2013) . Partial melting and water content can also have significant effects for mantle convection on Mars (e.g., Ruedas et al., 2013) , motivating the use of more complex melting models that account for volatile depletion (e.g., Li et al., 2016) or two-phase flow (e.g., Dannberg and Heister, 2016) . However, we do not expect the inclusion of more complex melting models to affect τ D1 , because most melt production occurs after degree-1 convection is achieved.
Cumulative crust production depends on the mantle composition and solidus (Kiefer et al., 2015) , and the compressibility of melt extracted from depth (Dannberg and Heister, 2016) . The solidus we use from Katz et al. (2003) is similar to other models of melting on Mars to the depths that we extract melt (Ruedas and Breuer, 2017) , so a different solidus should not affect our results. Inclusion of two-phase flow and melt migration/depletion could affect plume dynamics (Dannberg and Heister, 2016) and alter the crustal thickness distribution due to lateral transport of melt below the surface, however, the different timescales over which melt and mantle materials flow makes it computationally expensive to couple the two processes in global simulations, and effects of two-phase flow are generally localized and should not affect the global convection/melting patterns we observe. Although different melting models would have variable effects on cumulative melt production, examining the full range of compositional considerations and variables such as melt extraction threshold is outside of the scope of this work. Effects that reduce crust production, such as permeability extraction barriers (Schools and Montési, 2018) , could be compensated for with increased mantle temperature or higher initial water content (which may be the case for early Mars; e.g., Wade et al., 2017) . Thus, while more complex rheologies and melting models could affect crust production and τ D1 , we do not expect such considerations to alter our main conclusion that crustal heating/insulation promotes the development of degree-1 upwelling(s) and melt production under the thicker, enriched southern crust within 100s of Myr of a giant impact.
We show that for reasonable estimates of melt extraction, the additional crust produced in the southern hemisphere is within the constraints of Mars' inferred crustal thickness (e.g., Neumann et al., 2004) . Mars' crustal thickness may be lower or higher depending on the assumed density of the Martian crust. While Neumann et al. (2004) suggest an average crustal thickness of 45 km, a higher assumed crustal density Baratoux et al., 2014; Plesa et al., 2016) could allow for an average crustal thickness up to 81 km. Likewise, lower (and possibly laterally varying) crustal densities could result in lower inferred crustal thicknesses (Goossens et al., 2017) . Such considerations would result in varying constraints for crust production. In particular, higher assumed crustal thickness would increase the insulation and the melt production in our simulations. Higher crust production could be compensated for if a portion of the newly produced crust is subsequently recycled via delamination (e.g., Rudnick, 1995) .
Our model relies on a giant impact resulting in a northern crust depleted in radiogenic-heat producing elements relative to the older southern crust. It is important to note, however, that such a dichotomy in radiogenic-heat producing elements is not observed in gamma ray spectrometer measurements, which show little variation in Th and K abundance across the Martian surface (Taylor et al., 2006) . Those measurements only sample the upper few tens of cm of regolith, and may not constrain the distribution of heat producing elements deeper in the crust (Plesa et al., 2016) . Small differences in the distribution of K and Th may reflect different underlying compositions (e.g., Karunatillake et al., 2007) , but may also be explained by weathering and aqueous alteration (Dohm et al., 2009) . Furthermore, observations suggest the southern crust is less dense than the northern crust (e.g., Baratoux et al., 2014) , implying a buried felsic component to the southern crust, which would be enriched in radiogenic-heat producing elements such as K.
The short timescale we find for the crust to control the convective pattern is consistent with estimates of the influencing timescale of crustal thickness variations on mantle flow. We estimate the timescale for changes in crustal thickness to influence temperature and hence flow, τ crust , as the time it takes for a temperature anomaly to develop under the crust comparable to the temperature difference between a mantle plume and the surrounding mantle (∼100 K). We compare the time-dependent temperature solution for a solid half-space with a constant heat production rate (Carslaw et al., 1959) for an uninsulated medium with k = 4 W m −1 K −1 and Q = 7.4 × 10 −8 W m −3 (typical for the first 100s of Myr of Mars' history (Wanke and Dreibus, 1994) ), and an insulated medium with κ ins = 0.75 and Q E R = 4. The time it takes for the temperature difference between the insulated and uninsulated medium at 50 km depth to reach 80 K yields τ crust ∼ 37
Myr. The timescale for temperature changes to influence flow, τ f low , should scale as ∼v/d, where v is the plume velocity and d = R p − R c . Determining a scaling relationship for velocity in a spherical shell that is heated both from below and within is a challenge (Deschamps et al., 2012) . We extrapolate the results of Weller et al. (2016) , which scale fluid velocity versus H int Ra −1/3 , to the values used in our simulations, which yields v ∼ 30 mm yr −1 and τ f low ∼ 58 Myr. It thus seems reasonable that variations in crustal thickness could influence the convective pattern on <100
Myr timescales.
While we do not include the production or effects of meltresidue in our model, lateral variations in lithosphere thickness and highly viscous melt residue have been shown to drive differential rotation of the Martian lithosphere, resulting in the migration of the Tharsis plume to the dichotomy boundary (Zhong, 2009; Šrámek and Zhong, 2010) . Differential rotation of the lithosphere with respect to the plume occurs even if the lithosphere remains stationary (Zhong, 2009; Šrámek and Zhong, 2010) . We expect the plume to migrate and the lithosphere to remain stationary, because the equatorial bulge should stabilize the planet against large scale true polar wander (Daradich et al., 2008) . The likely pre-Tharsis rotation pole of Mars is only ∼ 20 • from the current pole, corresponding to the fossil bulge identified by Matsuyama and Manga (2010) . We expect limited Tharsis-induced true polar wander to have occurred only after the plume migrated from the center of the Southern crust to emplace Tharsis at the dichotomy boundary. Migration of the Tharsis plume along such a track is evidenced by volcanic resurfacing and crustal thickening Cheung and King, 2014) .
Because of the importance of giant impacts and mantle dynamics on planetary evolution, the origin of the crustal dichotomy is critical to understanding Mars' subsequent geophysical evolution. Both giant impacts and degree-1 convection have been proposed as a mechanism to produce an early hemispherical Martian dynamo (Stanley et al., 2008; Amit et al., 2011; Monteux et al., 2015) . Various dynamo models can constrain and be constrained by the relation between the rate and distribution of crust production and the timescale of magnetic reversals (e.g., Dietrich et al., 2015) . Termination of the Martian dynamo could be modulated by the outgassing of mantle water over time (Sandu and Kiefer, 2012) , which is related to the vigor of mantle convection and efficiency of melt production. The pattern and vigor of convection on early Mars could also have important implications for the compositional evolution of crust-mantle system (Grott et al., 2013) , spatial and temporal variations in Martian lithosphere thickness (e.g., Kiefer and Li, 2009) , and volcanic outgassing (e.g., Grott et al., 2011) , in addition to the geophysical constraints discussed in Section 1.1.
Conclusion
Our simulations show that a natural consequence of a Borealisscale giant impact is the development of single-plume convection and significant melting in the southern hemisphere. This hybrid model is consistent with many of the geophysical observations related to crustal dichotomy formation. The formation of upwellings antipodal to the impact site allows for the preservation of the elliptical dichotomy boundary from a giant impact. Development of degree-1 convection in the southern hemisphere is rapid (<100 Myr), and could produce sufficient additional melt to further thicken the southern crust by ∼10-20 km, due to both the increased vigor of the degree-1 upwelling and the increased subcrustal heating caused by the insulating effect of the thicker southern crust. The short timescale in which additional crust is produced (within 100s of Myr of Mars' formation) can explain the formation of strong remanent crustal magnetic signatures in the southern hemisphere before the end of the Martian dynamo. Depending on the extent of crust production, extraction of melt to the surface could leave sufficient highly viscous melt residue under the southern crust to induce plume migration (Zhong, 2009; Šrámek and Zhong, 2010) , resulting in the formation of Tharsis on the dichotomy boundary. The hybrid model for dichotomy formation can therefore bridge the gap between an early Borealis impact 4.5 Ga (Bottke and Andrews-Hanna, 2017 ) and a late Noachian formation of Tharsis >3.7 Ga (e.g., Bouley et al., 2016) , with broad implications for the geophysical evolution of Mars.
